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The  direct  injection  response  of  satellite  cables  to  low  fluence  X-Ray 
environments  has  been  analyzed  with  respect  to  certain  cable  parameters  and 
photon  source  parameters.  Cable  parameters  considered  were  the  following: 
conductor  materials,  conductor  flashing,  number  of  conductors,  gap  sizes, 
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angle  of  Incidence.  The  most  sensitive  cable  parameter  was  gap  size.  It  was. 
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1,0  INTRODUCTION 
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For  satellite  designs  which  employ  RF  shielded  cables  as  signal  and  secondary 
power  lines,  and  which  provide  at  least  40  dB  shielding,  the  dominant  SGEMP  mechanism 
from  an  exoatmospherlc  nuclear  event  is  from  the  direct  interaction  of  Incident  X-ray 
photons  with  the  cables  themselves.  The  basic  phenomenology  is  simply  that  electrons, 
which  are  ejected  from  cable  conducting  surfaces  including  the  shield,  stimulate  the 
flow  of  replacement  current  directly  on  the  cables'  center  wlre(s).  In  this  section  we 
give  a brief  review  of  the  phenomenology  and  experiments  which  form  the  basis  of  our 
present  understanding  of  the  direct  injection  response  of  shielded  cables. 

In  several  respects  the  direct  Injection  response  of  cables  is  simpler 
to  treat  than,  say,  the  problem  of  calculating  skin  currents  on  a satellite,  or  fields 
inside  a satellite  cavity.  For  one  tnlng,  the  cable  diameter  tends  to  be  much 
smaller  than  the  dominant  wavelengths  of  the  pulse,  and  It  is  therefore  reasonable 
to  replace  Maxwell's  equations  by  their  quaslstatlc  counterparts.  Secondly,  the 
transport  of  electrons  In  dielectrics  is  not  Influenced  by  the  generated  fields,  at 
least  for  X-ray  fluences  relevant  to  satellites,  and  it  is  not  necessary  to  self- 
conslstently  calculate  the  motion  of  the  electrons.  It  Is  true  that  In  contrast 
to  other  SGEMP  mechanisms  one  might  have  to  worry  about  radiation  induced  dielectric 
conductivity  of  a cable's  insulation,  but  again  one  finds  that  for  fluences  relevant 
to  satellites,  the  Induced  conductivity  has  slight  effect.  Finally,  the  direct 
injection  mechanism  leads  Immediately  to  a set  of  current  drivers  which  can  be  used 
immediately  In  transmission  line  equations  to  determine  load  response.  For  satellite 
skin  currents,  in  contrast,  it  Is  a much  more  difficult  problem  to  estimate  the 
Induced  load  response  to  a given  threat,  and  the  calculations  are  clearly  more 
uncertain. 

The  net  result  of  the  simplifications  mentioned  above  is  that  the  problem 
of  determining  a satellite's  cable  response  to  X-ray  photons  divides  naturally  Into 
three  parts; 

1)  determine  the  deposition  of  charge  In  cable  dielectrics 
(solve  the  electron-photon  transport  problem) 

2)  determine  the  Induced  current  (solve  for  the  Norton-equivalent 
drivers) 

3)  determine  the  response  of  cable  loads,  l.e.,  peak  power  and  energy 
(solve  the  transmission  line  equations) 

Concerning  the  first  point,  charge  deposition  and  electron-photon  transport 
for  photon  energies  varying  from  1 to  300  keV,  the  exponential  photon  attenuation 
of  X-rays  Is  generally  accepted.  For  cables  the  charge  deposition  profiles  are 
obtained  either  from  analytic  treatments  such  as  that  of  Dellln  and  MacCallum  who 
solve  the  Spencer-Lewis  transport  using  certain  approximations,  or  simplified 
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Monte-Carlo  treatments  such  as  SAI's  POEM  code.  A comparison  of  the  different 
transport  code  results  Is  given  In  Figure  1-1  for  SANDYL,  QUICKE2  (Dellln-MacCallum) , 
and  POEM.  The  main  point  Is  that  the  codes  differ  from  one  another  on  the  order  of 
25X  at  most.  In  addition,  the  comparison  between  analytic  (Dellln-MacCallum),  Monte 
Carlo  (SANDYL)  and  experimental  electron  energy  and  angular  distributions  Is  quite 
good. 

The  solution  to  finding  the  Induced  current  once  the  charge  deposition 

2) 

was  known  was  sketched  by  Van  Lint  for  coaxial  cables  and  was  generalized  to 
shielded  multi-conductor  cables  by  Clement,  et  al^^  and  Chadsey,  et  al.^^ 

Essentially  one  applies  Green's  reciprocation  theorem  which  states,  for  example, 
that  a charge  Q,  driven  from  a coax  cable  shield,  will  give  rise  to  an  Image  charge  - 
on  the  shield  where  r is  the  point  where  the  electron  stops  in  the  dielectric, 
and  t|i(r)  Is  the  Laplace  equation  solution  with  unit  potential  on  the  center  wire. 
Implicit  here  is  the  assumption  of  TEM  propagation  for  lossless  lines,  l.e.,  E-flelds 
are  normal  to  the  cable  axis,  and  for  each  element  of  length  along  the  axis,  the  cur- 
rents sum  to  zero  for  all  the  conductors  Including  the  shield.  These  conditions  may  be 
relaxed  slightly  to  allow  for  lossy  lines,  and  a quasi-TEM  propagation  results. 

The  final  problem,  namely,  the  transmission  line  solution  of  either  cable 
bundles  or  coax  cables,  with  SGEMP  direct  injection  drivers,  has  not  been  given 
much  attention,  though  some  preliminary  work  has  been  performed  by  L.  E.  Shaw  and 
T.  J.  Sheppard. 

So  far  we  have  confined  ourselves  to  a discussion  of  the  phenomenology 
and  analyses.  Concerning  the  experimental  testing  of  cables  In  X-ray  environments 
the  pioneering  work  was  done  by  Fltzwllson  and  Bernstein. They  Irradiated  small 
samples  of  cable  In  the  Aerospace  Dense  Plasma  Focus  (DPF)  which  Is  (roughly)  a 
filtered  15  keV  blackbody  source,  and  compared  the  experimental  results  with 
analytic  results  generated  by  the  TRW  PICS  code.  The  agreement  between  analyses  and 
experiment  was  usually  better  than  a factor  of  two,  but  the  most  interesting  result 
was  the  Identification  of  the  importance  of  gaps  separating  conductors,  particularly 
shield  conductors,  from  dielectric  Insulation.  These  gaps,  which  are  mostly 
unintentional,  give  electrons  a free  ride,  thus  Increasing  the  electrons'  displacements, 
and  since  an  electron  range  at  these  energies  is  less  than  the  gap  size,  the  amount  of 
Image  current  generated  depends  critically  on  the  gap  size.  Since  Fltzwllson's  paper, 

g 

Aerospace  (Hal,  et.al.  ) has  extended  Its  work  to  testing  seml-rlgld  cables,  with 

favorable  comparisons  with  TRW's  MCCABE  code  (a  multi-conductor  generalization  of 

3) 

the  PICS  code  mentioned  above  ).  Aerospace  has  also  summarized  all  of  Its  results 

9) 

of  the  DPF  testing  of  cables  in  a concise  report. 
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Figure  1-1.  Comparison  of  Electron-Photon  Transport  Calculations 
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The  experimental  efforts  mentioned  above  measured  the  common-mode  current, 
rather  than  the  Individual  wire  current,  even  though  some  of  the  cables  were 
multi-conductor.  In  order  to  verify  our  multi-conductor  cable  model  which  Is 
capable  of  predicting  Individual  wire  currents,  we  conducted  tests  at  the  Simulation 

3) 

Physics  facilities  on  specially  prepared  mult iconductor  cables.  The  agreement 
between  measured  and  predicted  results  was  quite  good,  and  constitutes  at  least  a 
partial  verification  of  the  MCCABE  code. 

At  this  point,  then,  we  can  say  there  Is  a small  but  growing  body  of  In- 
formation on  the  X-radlatlon  testing  and  analyses  of  shielded  cables,  both  coaxial 
and  multi-conductor.  So  far  as  analysis  Is  concerned,  we  have  some  confidence 
that  our  methodology  Is  correct,  and  that  the  basic  physical  mechanisms  have  been 
Identified,  at  least  for  the  response  of  cables  In  vacuum  at  low  fluence.  Concerning 
the  experimentation  on  cables,  we  know  that  a number  of  low  fluence  photon  simulators 
are  available,  we  know  how  to  design  and  Instrument  a set  of  cable  experiments,  and 
obtain  results  In  a useful  form. 

Since  we  now  believe  we  understand  the  basic  mechanisms  governing  cable 
response,  we  are  In  a position  to  perform  sensitivity  studies  on  direct  Injection 
cable  response.  In  other  words,  we  can  now  vary  both 

• cable  parameters 

• photon  source  parameters 

to  Investigate  which  ones  are  most  critical  In  determining  response.  That  Is  the 
principal  objective  of  this  study.  From  the  data  generated  In  this  study  we  would 
hope  to  provide  answers,  or  at  least  a set  of  suggestions,  to  accomplish  the 
following: 

• design  of  a hardened  satellite  cable 

• determine  the  suitability  of  photon  simulators  for 
cable  and  cable  harness  testing 

The  results  of  the  sensitivity  assessments  and  our  conclusions  are  presented 
in  Section  3.0,  but  before  doing  this,  we  give  a detailed  discussion  of  the  principal 
output  of  the  assessments,  namely  the  normalized  current  drivers.  This  is  done  in 
Section  2.0.  The  purpose  is  to  make  sure  that  these  drivers  are  Interpreted  properly, 
and  that  their  connection  with  transmission  line  equations  on  the  one  hand,  and  experi- 
mental measurements  on  the  other,  are  clear. 

Finally,  In  Section  4.0  we  present  a simple  rule  of  thumb  for  determining 
the  normalized  response  of  coaxial  cables. 
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The  assumptions  under  which  these  assessments  are  generated  are 
• the  cables  are  in  vacuum 


• the  fluence  is  low  enough  that  limiting  effects  are  unimportant 

The  tool  employed  to  generate  the  response  sensitivity  data  is  the  MCCABE 


code,  the  details  of  which  have  been  described  in  reference  3. 


2.0  DEFINITION  OF  THE  DIRECT  INJECTION  SOURCE  TERMS 


!► 


2 . 1 Equivalent  Circuit  Model  for  Lossless  Lines 

Consider  a cross  section  of  a shielded  multi-wire  cable,  as  shown  In  the 
Figure  2-1  (a). 


(a) 


(b) 


Figure  2-1.  (a)  Phenomenology  of  X-radlatlon  Response 

of  Cables;  (b)  Equivalent  Circuit 
Model  and  Norton  Equivalent  Drivers 

The  effect  of  X-lrradlatlon  Is  to  drive  electrons  from  conducting  surfaces  and  deposit 
them  In  surrounding  dielectric  materials,  thus  stimulating  the  ‘‘low  of  replacement  cur- 
rent. The  equivalent  circuit  model  which  describes  both  the  phenomenology  of  electron 
deposition  and  conductor  currents  and  voltages.  Is  shown  In  Figure  2-1  (b) . The  condi- 
tions under  which  this  equivalent  model  are  valid  are  as  follows: 

1)  the  electric  field  Is  derivable  from  a scalar  potenital,  l.e., 

TEM  propagation; 

2)  the  electron  transport  Is  not  field  (voltage)  limited; 

3)  Insulation  conductivity  may  be  Ignored,  Including  radiation- 
induced  conductivity. 

The  basic  elements  of  the  model  Include  N Norton  equivalent  drivers  (In  units  of 
current  per  unit  length),  and  N(N+l)/2  capacitances  (capacltance/per  unit  length).  The 
simplest  form  In  which  to  represent  the  drivers  Is 
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(2-1) 


A “ total  area  enclosed  by  shield  (Including  inner  conductors) 

^-2-  “ rate  of  volume  charge  deposition 

it)j^(r)  = solution  of  2 dimensional  Laplace  equation  with  unit 
potential  on  conductor  1,  all  others  grounded 

If  the  point  ^ is  inside  any  of  the  interior  conductors  j,  then  (r)  is 
by  definition.  These  drivers  represent  source  terms  in  the  lossless  transmission 
line  equations, 

^ = -iuC'V  + K (2-2) 

dx 


where  all  quantities  are  in  the  frequency  domain  and  represent  vectors  or 
matrices  of  dimension  N,  the  total  number  of  inner  wires  in  the  multiwire  model, 
and  where 

u • 2irf 

C'  “ capacitance  matrix  defined  by  Q " C'V 
LC*  - v”2 

V “ cable  propagation  velocity,  common  mode 

The  equations  would  then  be  solved  with  the  boundary  conditions  that  the  ratio  of 
current  to  voltage  at  each  end  of  the  line  is  given  by  the  appropriate  admittance 
matrix  element.  If  the  loads  themselves  are  dynamic  (l.e.,  either  time  or  voltage 
dependent),  then  the  transmission  line  equations  are  solved  in  the  time  domain. 

A limiting  case  of  Interest  is  the  short-circuit  current,  or  more 
precisely,  one  end  of  the  cable  is  open,  the  other  la  short.  Then  one  can  show 
that  for  a length  of  cable  D < < \,  where  > represents  the  dominant  wavelengths 
of  the  driving  X-ray  pulse, 


This  identifies  the  Norton  driver  as  the  short-circuit  current  per  unit  length,  or 
the  individual  wire  current  flowing  to  ground  through  a low  Impedance  load.  In  other 
words  the  can  be  measured  directly. 
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For  fliiences  of  interest  to  satellites  the  driver  K is  directly  proportional 
to  flux.  Therefore,  it  is  customary,  when  measuring  or  calculating  K,  to  normalize 
it  to  the  peak  flux  or  peak  dose  rate.  The  former  is  more  convenient  for  extrapolat- 
ing to  defined  environments;  the  latter  is  more  convenient  for  measurements  where  the 
dose  rate  is  obtained  directly  from  photo-diodes. 

2.2  The  MCCABK  Code 


We  discuss  in  more  detail  the  current  drivers  and  their  relation  to  the 
quantities  calculated  in  the  MCCABE  code.  First,  we  divide  the  integration  area 
in  eq.  (2-1)  into  two  parts:  the  dielectric  area  and  the  conducting  areas  and  apply 
the  divergence  theorem  to  the  second  term,  after  dp/dt  nas  been  replaced  by  - V • J, 
obtaining 

"i  ’ / -/  '*'1 " • "i 

th  ■ 

Here  the  contour  refers  to  the  1 conductor  s perimeter,  and  n^  Is  the  normal 

directed  out  of  ttie  conductor  1.  Next,  we  note  that  the  current  density  J (r)  , falls 
two  to  three  orders  of  magnitude  as  the  observation  point  moves  an  electron  range 
from  the  conductor  into  the  bulk.  Setting  the  bulk  dielectric  cuirent  to  zero,  we 
take  the  current  density  at  the  Interface  and  treat  it  as  a "yield"  or  "emission" 
from  conductor  j which  is  to  be  deposited  at  discrete  points  r(j).  Then,  in  this 
formalism 


where  J.  (r(1))  is  the  charge/length  deposited  at  the  point  r(J),  having 
dep 

originated  from  conductor  J.  (The  conductor  j“0  is  the  shield).  But  the  total 
charge  emitted  from  conductor  J is  the  current  density  at  the  Interface,  integrated 
about  the  emitting  surface 


Inserting  (2-A)  and  (2-5)  into  (2-3)  we  obtain  for  the  current  driver 


X I 


j-0 


r(j) 


I '/'j  (r(j)).  ,1  + 1 

J.  (r(j)) 

(r(J))  - 1,  j - 1 


(2-6) 


The  phenomenology  developed  to  calculate  eq.  (2-6)  Is  described  In  detail 
In  reference  3,  and  Is  Incorporated  into  the  MCCABE  code.  No  change  has  been  made 
in  the  code  (with  one  exception:  the  ability  to  treat  conductor  flashing  thickness, 
cf  Section  3),  and  It  Is  not  necessary  to  repeat  the  formalism  here.  Basically  the 
code  calculates  using  the  formalism  of  Dellin  and  MacCallum,  where  electrons 

are  emitted  from  a conductor  with  a specified  energy  and  angular  distribution. 

They  cross  gaps,  where  they  exist,  and  penetrate  dielectric  insulation.  The  Laplace 
solution  In  eq.  (2-6)  Is  obtained  from  a circular  harmonic  expansion  of  the 
Integra]  solution  to  the  Laplace  equation,  followed  by  a matrix  inversion  to 
obtain  the  expansion  coefficients. 


3.0  ASSESSMENT  OF  CABLE  RESPONSE  SENSITIVITY 
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3.1  General  Approach 

The  objectives  of  this  assessment  are  two-fold.  First  we  want  to  find  out 
what  cable  parameters  are  critical  in  determining  the  direct  injection  response  of 
cables.  This  information  would  be  useful  in  designing  a cable  to  minimize  direct 
injection  cable  response.  Secondly,  we  want  to  see  how  the  direct  injection 
response  depends  on  photon  source  characteristics.  This  will  enable  one  to  decide 
on  the  suitability  of  photon  simulators  relative  to  nuclear  weapons  characteristics 
for  testing  cables  and  cable  bundles. 

Concerning  the  first  point,  cable  parameter  sensitivity,  these  parameters 
are  the  following: 

• conductor  materials 

• conductor  flashing 

• number  of  conductors 

• gap  sizes,  between  dielectric  insulation  and  conductors 

• shield  thickness 

• dielectric  material 

• cable  size 

• characteristic  impedance 

• cable  type 

• cable  length 

• cable  loads 

These  parameters  will  be  discussed  in  much  more  detail  in  the  next  section.  The 
point  we  want  to  make  Is  that  the  matrix  of  possible  variations  to  determine  sensitivity 
Is  considerable.  To  restrict  this  range  to  something  manageable  there  are  two  possible 
approaches  which  we  considered.  First,  one  could  restrict  oneself  to  a small  set 
of  satellite  flight-qualified  cables  and  analyze  their  response.  We  rejected  this 
approach  for  two  reaons.  First,  the  number  of  cables  In  the  restricted  subset  Is 
still  impossibly  large.  And  even  then,  one  should  realize  that  cable  manufacturers 
can  design  a cable  to  meet  almost  any  specification  anyway,  and  therefore  the 
subset  may  not  ultimately  be  representative.  More  Important  Is  that  several  of 
the  above  parameters  would  change  In  going  from  cable  to  cable,  making  it 
difficult  to  see  which  was  the  more  important  In  controlling  response. 
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The  approach  which  wc  finally  adopted  was  to  define  a "standard"  500 
coaxial  cable,  and  perform  single  parameter  variations  from  the  standard  coax  of 
the  above  parameters.  Although  this  procedure  Is  far  from  complete  (e.g.,  varying 
combinations  of  parameters  Is  of  Interest)  It  should  give  a reasonable  Indication 
of  what  parameters  are  Important  In  cable  response.  If  one  wants  to  proceed 
further  to  designing  a hardened  cable,  one  could  use  these  calculations  as  a 
starting  point  for  performing  more  detailed  parametric  assessments. 

Two  parameters  mentioned  above  - cable  length  and  cable  loads  - are  not 
considered  In  this  assessment  since  they  would  Involve  a detailed  specification  of  cable 
loads,  cable  harness  design,  and  cable  function,  and  this  was  out  of  scope  of 
our  defined  tasks.  Accordingly,  we  report  only  the  current  Injected  per  unit  length 
and  flux  (the  current  drivers  In  Eq.  2-1). 

Concerning  photon  source  sensitivity  the  following  parameters  are  of 

Interest 

a fluence 
• waveform 
a spectrum 
a angle  of  Incidence 

Of  these,  fluence  and  waveform  are  not  considered  for  the  following  reasons:  we 
assume  that  for  fluences  of  Interest  to  satellites  the  response  Is  linear  with 
flux.  (We  will  address  ourselves  to  the  validity  of  this  assumption  In  a sub- 
sequent report).  Accordingly,  we  report  only  normalized  drivers  of  Eq,  (2-1). 

Concerning  waveform  variations  the  drivers  themselves  follow  the  X-ray  pulse  for 
the  same  reason.  Of  course,  load  response  does  not  necessarily  follow  the  pulse, 
but  we  have  not  addressed  this  problem. 

Spectral  variation  of  photon  simulators  Is  of  primary  concern.  At  first  we 
thought  of  using  the  published  spectra  of  various  simulators.  However,  we  con- 
cluded that  this  was  Impractical  for  a number  of  reasons,  chief  among  which  was  the 
fact  that  there  are  such  a large  number  of  such  spectra,  and  even  several 
spectra  for  the  same  simulator,  depending  on  how  It  Is  operated  and/or  filtered. 

We  felt,  therefore,  that  It  would  be  more  useful  to  publish  direct 
Injection  cable  response  In  two  ways:  first  as  a function  of  monochromatic  photon 
energy,  and  secondly  as  a function  of  blackbody  temperature.  Concerning  the  first 
point,  suppose  one  Is  presented  with  an  X-ray  spectral  distribution,  U(E)  with 
arbitrary  normalization  (U(E)  ; arbitrary  unlt/keV);  then  our  data  may  be  employed 
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to  find  the  spectral  response  via 


(Response) 


J(E)  (Response  (E))  dE 

'0  mono 


spectrum 


f 


U(E)  dE 


In  addition,  the  presentation  of  the  data  as  a function  of  blackbody  temperature 
should  be  useful  In  facilitating  comparison  with  nuclear  threats.  We  also  remark 
that  our  data  on  the  current  drivers  Is  valid  even  If  the  X-ray  spectrum  Itself 
Is  time  dependent. 

3.2  Units  Of  Direct  Injection  Response 

In  subsequent  sections  we  report  the  normalized  current  drivers  In 
units  of  C-cm/cal,  l.e., 


current/length  ^ A/ cm 


flux 


cal/cm  -sec 


C-cm 

cal 


This  unit  is  convenient  when  the  threat  In  cal/cm  is  specified. 

Sometimes  It  Is  useful  to  report  the  normalized  responses  In  units  of 
C/rad (SI) "cm 

current/length  ^ A/ cm  _ C 

dose  rate  rad (SI) /sec  rad (Si) "cm 

This  unit  Is  convenient  when  photodiode  measurements  of  the  source  fluence  are 

2 

made  coincident  with  the  cable  response.  Conversion  factors  from  cal/cm  to  rad (Si) 
are  given  In  Table  3-1  for  monochromatic  photons  as  well  as  blackbody  spectra. 


Table  3-1. 
spectrum  (keV) 


Conversion  Factors  From  Cal/cm  to  rad(Sl) 


1 cal/cm^  Is  equivalent  to 


20 

mono 

1.7 

X 

lo" 

rad (Si) 

30 

tf 

4.8 

X 

10^ 

M 

50 

tt 

1.0 

X 

10^ 

tl 

75 

(• 

3.7 

X 

10^ 

M 

100 

1.9 

X 

10^^ 

tt 
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Table  3-1.  Conversion  Factors  from  Cal/cra  to  rad(Sl)  (Contd) 


spectrum  (keV) 


150  mono 


5.0  blackbody 


1 cal/cm'^  Is  equivalent  to 

1.3  X 10^  rad(Sl) 

1.1  X 10^  " 

7.9  X 10^ 

5.4  X 10^ 

3.8  X 10^  " 

2.8  X 10^ 


3.3  Effects  of  Single  Parameter  Variation  on  Cable  Response 


3.3.1  Direct  Injection  Response  of  the  Standard  Coax 


A standard  500  coaxial  cable  was  defined  In  such  a way  as  to  represent 
a reasonable  choice  for  a satellite  flight-qualified  cable.  We  do  not  mean  to 
Imply  that  this  choice  somehow  represents  an  optimum  choice  of  a cable,  either  in 
terms  of  its  normal  operation,  or  Its  direct  Injection  response.  Its  physical 
parameters  are  defined  in  Table  3-2.  These  parameters  also  represent  the  basic 
input  to  the  MCCABE  code. 

The  response  of  this  cable  is  plotted  in  Fig.  (3-1)  In  units  of  C-cm/cal. 
Note  the  minus  signs  Indicate  the  response  Is  negative.  The  response  Is  seen  to 
be  only  mildly  dependent  on  black-body  temperature. 

Table  3-2.  Standard  50n  Coax  Parameters 
Materials 

shield  = tinned  copper 
core  “ silvered  copper 
core  insulation  • teflon 

Dimensions  (cm) 

shield  thickness  ■ 0.01 
shield  inner  radius  “0.1 
shield  gap  width  “ 0.005 

center  conductor  radius  « .0299 

center  conductor  gap  width  « 0.001 

shield  flashing  thickness  - 0.0002 

center  conductor  flashing  thickness  « 0.0002 


Response  (C  - cm/cal) 


3.3.2  Direct  Inlectlon  Response  As  A Function  of  Conductor  Materials 


r 

In  this  section  we  discuss  the  response  of  a standard  coaxial  cable  as 
a function  of  conductor  materials. 

The  assumption  Is  that  the  conductor  Is  uniform,  and  has  no  flashing. 
(Flashing  variations  are  discussed  In  the  next  section).  The  following  possibilities 
for  conductor  materials  are  felt  to  be  reasonable  for  satellite  cables: 

a aluminum  (Z  - 13) 

• copper  (Z  • 29) 

a nickel  (Z  » 28) 

a silver  (Z  • 47) 

a tin  (Z  ■“  50) 

Each  has  certain  advantages  or  disadvantages  relative  to  operating  temperature 
requirements  for  satellites,  and  ease  of  making  terminations.  As  far  as  direct 
Injection  response  Itself  Is  concerned,  the  smaller  the  atomic  number  of  both  con- 
ductors, the  smaller  the  response.  Falling  that.  If  one  matches  the  Z's  of  shield 
and  conductor  core,  one  can  have  both  shield  and  center  conductor  buck  one  another 
to  reduce  response. 

Results  for  the  standard  coax  are  shown  in  Figure  3-2.  The  combinations 
considered  are 


shield 

core 

1. 

aluminum 

aluminum 

2. 

aluminum 

copper 

3. 

copper  (2  nickel) 

copper 

(Z 

nickel) 

4. 

silver  (Z  tin) 

silver 

(Z 

tin) 

5. 

copper  (Z  nickel) 

silver 

(Z 

tin) 

As  expected,  the  aluminum-aluminum  coax  had  the  lowest  response,  but  even  here 
the  lowest  response  for  the  15  keV  blackbody  spectrum,  namely  4 x 10  C-cm/cal, 

Is  only  a factor  of  5 lower  than  the  copper-copper  cable.  Note  also  that  If  one 
replaces  only  the  shield  with  aluminum,  the  only  effect  Is  to  change  the  sign 
of  the  response. 

3.3.3  Direct  Injection  Response  Aa  A Function  Of  Flashing  Thickness 

Copper  or  copper  alloy  Is  most  often  the  conducting  material  in  satellite 
cables,  but  it  Is  rarely  used  without  a coating  material  such  as  silver,  nickel  or 
tin,  to  protect  It  against  contaminant  oxide  layers,  or  to  Improve  solderablllty . 
Unfortunately  those  additional  layers  Involve  higher  Z materials  which  emit  more 
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Figure  3-2.  Variation  of  Direct  Injection  Response  With  Conductor  Materials 


electrons,  thus  Increasing  the  response  of  the  cable. 

Now,  the  use  of  Dellln-MacCallum  emission  efficiencies  Implies  that  the 
background  material  Is  at  least  an  electron  range  thick.  However,  manufacturers 
quote  minimum  flashing  thicknesses  on  the  order  of  40  to  50  mlcrolnches,  which  Is 
the  same  order  of  magnitude  as  an  electron  range.  To  remedy  the  situation  we  have 
developed  an  algorithm,  based  on  the  Spencer-Louls  transport  equation,  which 
replaces  the  yields  from  either  the  bulk  or  flashing  material,  by 


+ (yj”^  - (1  - ^ ) H (7  - pD) 


“ emission  efficiency  (electrons/photon)  from  underlying  conductor 

” emission  efficiency  from  conductor  flashing 

H =•  step  function 

p = average  density  of  conductors 

_ 2 
r ■ average  electron  range  of  conductors  (g/cm  ) 

D • flashing  thickness 

(a.) 

The  expression  has  tlie  correct  limits:  (1)  for  no  flashing,  y “ y,  : (2)  if  the 

(oo) 

flashing  Is  greater  than  an  electron  range,  then  y = y2 


In  Figure  3-3  we  present  results  for  the  following  conductor-shield 


combinations 


shield 

bulk  conductor  - flashli^ 


copper-tin 
aluminum  - (none) 
aluminum  - (none) 


core  conductor 

bulk  conductor-flashing 


copper-silver 

copper-silver 

copper 


Note  that  the  use  of  tin  flashing  Is  nearly  equivalent  to  silver,  and  nickel  is  equiva- 
lent to  copper,  since  the  Z's  are  about  the  same. 

Results  are  shown  In  Figure  3-3.  The  amount  of  flashing  thickness  used  in 
the  standard  coax,  namely  .0002  cm,  corresponds  to  about  80  micro-inches,  which  is 
twice  the  minimum  requirements  for  most  satellite  cables.  After  examining  photo- 
micrographs of  satellite  cables,  this  seemed  to  be  a more  realistic  number.  It  Is  seen 
from  Figure  3-3  that  the  addition  of  0.0002  cm  of  flashing  to  copper  can  Increase  the 
response  by  half  an  order  magnitude. 
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Figure  3-3.  Variation  of  Direct  Injection  Response  With  Conductor  Flashing  Thickness 
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3.3.4  Direct  Inlectlon  Response  As  A Function  Of  The  Number  Of  Wires  In  A Cable  Bundle 


In  the  calculations  which  we  have  performed  here  we  take  N Insulated  con- 
ductors whose  dimensions  are  equal  to  the  standard  coax  center  wire  (Table  3-2)  and 
close-pack  them  to  form  2-  or  4-wlre  bundles,  respectively.  Either  no-wrap,  or  single- 
wrap Insulation  for  the  shield  Is  employed  whose  wrap  thickness  is  the  same  as  the  con- 
ductor Insulation,  and  this  layer  is  also  close-wrapped  around  the  bundle.  The  shield 
thickness  Is  the  same  as  for  the  standard  coax. 

Results  are  shown  in  Figure  3-4.  The  response  of  the  Individual  wires  of  the 
multiconductor  cable  tends  to  be  larger  than  for  coaxial  cables,  not  so  much 
because  the  cable  shield  Is  larger,  but  because  a fairly  large  void  exists 
between  the  shield  and  the  conductors,  even  If  a shield  Inner  liner  Is  used. 

3.3.5  Direct  Inlectlon  Response  As  A Function  Of  Gap  Size 

In  this  section  we  discuss  the  response  as  a function  of  shield  gap  size 
and  center  conductor  gap  size.  Results  are  presented  in  Figure  3-5.  The  size  of  the 
gap  can  affect  the  response  by  several  orders  of  magnitude. 


For  braided  cables,  the  variation  in  gap  size  is  largely  an  uncontrolled 
parameter,  depending  at  least  In  part  on  the  tightness  of  the  wrap  and  the  size  of 
the  Individual  wire  strands.  Probably  the  designation  of  a gap  size  In  any 
analytical  calculation  Is  only  accurate  to  +30%.  Nonetheless,  the  shield  gap  size 
Is  the  most  sensitive  parameter  in  determining  response.  This  Is  because  the 
electrons  get  essentially  a free  ride  across  the  gap.  Since  the  gaps  in  shielded 
cables  tend  to  be  much  greater  than  the  range  of  an  electron  penetrating  a 
dielectric,  the  response  Is  amplified  accordingly.  We  would  say  that  braided 
coaxial  cables  have  gaps  on  the  order  of  1 to  3 mil  thickness.  Solid  semi-rigid 
cables  are  not  supposed  to  have  gaps  at  all,  though  In  fact  we  find,  after  examining 
photomicrographs  that  sometimes  they  do.  They  tend  to  be  Irregular  about  their 
circumference,  and  generally  less  than  1/10  mil  In  width.  Solid  seml-rlgids 
have  the  smallest  direct  Injection  response  of  all  cables. 

As  far  as  center  conductors  are  concerned,  whether  for  braided  or  seml-rlgld 
cables,  their  gaps  tend  to  be  negligible,  since  the  dielectric  Is  usually  extruded  onto  them. 

3.3.6  Direct  Injection  Response  As  A Function  Of  Shield  Thickness 

The  results  of  varying  cable  shield  thickness  are  shown  In  Figure  3-6.  The 
effect  of  the  shield  is  to  attenuate  the  incident  X-rays.  Shield  thicknesses  vary 
significantly  depending  on  whether  or  not  a single  or  double  braided  shield  Is 
employed.  The  largest  effect  occurs  at  low  photon  energies  where  the  absorption  co- 
efficients of  the  conductor  material  are  larger. 
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3.3.7  Direct  Injection  Response  As  A Function  Of  Dielectric  Material 
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The  main  effect  the  dielectric  has  on  the  cable  response  Is  on  the  stopping 

power  of  electrons  which  stop  In  the  dielectric  Insulation,  having  been  emitted 

2 

from  the  conductor.  Since  the  stopping  power  In  MeV/(g/cm  ) Is  nearly  Independent 
of  the  dielectric  material,  then  the  range  (in  cm)  Is  proportional  to  the  density 
of  the  Insulation.  For  cables  with  gaps,  however,  the  electrons  get  a free  ride 
across  the  cable  gap,  and  the  extra  distance  traveled  In  the  dielectric  Is  of  no 
consequence.  Therefore,  one  does  not  expect  dielectric  Insulation  to  affect  response 
very  much.  These  conclusions  are  borne  out  by  the  results  shown  In  Figure  3-7. 

These  conclusions  may  be  modified  by  two  considerations  which  we  have  not  yet 
examined.  (1)  If  the  Z of  the  dielectric  approaches  that  of  the  conductors,  then  the 
details  of  the  electron  transport  will  affect  the  response  considerably.  The  present 
version  of  the  MCCABE  code  sets  the  bulk  dielectric  current  to  zero  and  the  code  will 
be  modified  during  the  next  reporting  period  to  handle  a bulk  dielectric  current. 

(2)  The  radiation-induced  conductivity  of  the  dielectric  is  Ignored.  For  fluences 
of  Interest  to  satellites,  this  is  of  no  consequence.  A more  detailed  discussion 
of  this  will  follow  during  the  next  reporting  period. 

3.3.8  Direct  Inlection  Response  As  A Function  Of  Cable  Size 

In  principle  the  direct  injection  response  is  proportional  to  cable  size 
provldea  that  all  dimensions  are  scaled  linearly  including  gap  sizes.  This  is  shown 
in  Figure  3-8.  Note  that  when  the  gap  size  is  not  reduced,  the  response  stays 
essentially  the  same.  The  point  is  that  the  outside  diameter  of  a cable  is  not 
sufficient  to  Judge  its  relative  direct  Injection  response. 

3.3.9  Direct  Injection  Response  As  A Function  Of  Characteristic  Impedance 

If  we  choose  to  vary  the  ratio  of 

shield  inner  diameter  _ ^ 

conductor  diameter  ” a^^ 

thl|  Is  equivalent  to  varying  the  characteristic  Impedance  Z^,  since  it  is  related 

to  — via 
“i 

a 

59.945  In  — 

Zo  - («) 

where  K is  the  relative  dielectric  constant  of  the  insulation. 
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Photon  energy  (keV)  Blackbody  temperature  (keV) 


Figure  3-7.  Variation  of  Direct  Injection  Rcaponae  With  Dielectric  Material 


Response  as  a function  of  coax  characteristic  Impedance  Is  presented 

In  Figure  3-9.  One  can  shear  Jhat  the  direct  Injection  response  Is  essentially 

Inversely  proportioned  to  In  — (see  section  4.),  and  this  expectation  Is  realized 

*1 

by  the  data. 

3.3.10  Direct  Injection  Response  As  A Function  Of  Cable  Type 

Cable  hardness  engineers  on  satellite  programs  select  cables  on  the  basis 
of  their  electrical  performance,  weight,  ease  of  making  terminations,  and  ability 
to  withstand  satellite  natural  environments.  From  their  point  of  view,  they  might 
classify  shielded  cables  as  follows: 

a number  of  conductors:  coax  or  multiwire 
• type  of  shield:  braid  or  solid  (as  in  seml-rlgld  cables) 

a type  of  braid:  single  or  double,  round  or  flat 

a type  of  insulation 

a characteristic  Impedance 

Of  these,  the  first  three  are  more  Important  from  the  point  of  view  of  direct  in- 
jection response.  We  have  selected  six  satellite  cables  based  on  the  first  three 
categories  above.  The  cables  were  sectioned  and  their  parameters  were  Identified. 

Their  response  Is  shown  In  Figure  3-10.  In  the  order  of  decreasing  response  the  cables 
are : 

a coax,  hollow  semirigid 

a twlnax,  single  flat  braid 

a trlax,  double  round  braid 

a coax,  single  flat  braid 

a coax,  double  flat  braid 

a coax,  seml-rlgld 

Based  on  our  previous  results  this  pattern  Is  not  difficult  to  understand: 

1)  coax  cables  will  have  smaller  responses  than  multiwire  cables  without  shield  liners 
since  coax  gaps  are  much  smaller;  2)  the  seml-rlgld  cable  will  have  the  least 
response  since  It  has  the  smallest  gap;  3)  the  thicker  the  shield  the  smaller  the 
response. 

3.3.11  Direct  Inlectlon  Response  As  A Function  Of  Azimuthal  Angle  Of  Incidence 

The  main  effect  of  non-normal  angle  of  Incidence  on  coax  response  la  to 
Increase  the  path  length,  and  therefore  the  attenuation  of  the  radiation  as  It 
passes  through  the  coax.  Response  as  a function  of  azimuthal  angle  t Is  shown  In 
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Response  (C  - cm/cal) 


A)  PT3- 59-93;  coax,  double  flat  braid  3A024-001;  semirigid  coax  (SR086) 

B)  PT3-33N-22;  coax,  single  flat  braid  PT3-33P-24;  twlnax,  single  flat  braid 

C)  3A002-006;  coax,  single  flat  braid  F)  PT3-53RR-18;  trlax,  double  round  braid 

G)  3A024-005;  hollow  semirigid 


Photon  energy  (keV)  Blackbody  temperature  (keV) 


Figure  3-10.  Variation  of  Direct  Injection  Response  with  Cable  Type. 

The  Response  Is  the  Common  Mode  Response  per  Wire. 


! 


Figure  3-11,  One  concludes  that  normal  Incidence  is  worst  case,  so  far  as  the 
drivers  are  concerned.  Whether  or  not  this  is  true  for  load  response  is  not 
clear,  since  a phase  delay  in  the  drivers  would  have  to  be  Introduced  in  the 
transmission  line  solution  and  "stacking"  of  the  response  might  occur, 

3.4  Conclusions  Regarding  Cable  and  Source  Parameter  Sensitivity 

The  parameters  which  produced  more  than  an  order  of  magnitude  variation 
in  the  direct  injection  response  were 

• flashing  thickness 

• number  of  conductors 

• gap  size 

• shield  thickness 

• angle  of  incidence 

Of  these  the  gap  size  produced  the  most  variation. 

The  parameters  which  produced  less  than  an  order  of  magnitude  variation 
in  the  direct  injection  response  were 

• conductor  material 

• dielectric  material 

• cable  size 

• characteristic  impedance 

• spectrum 

We  realize  that  the  above  statement  may  be  misleading  since  "order-of- 
raagnltude  variation"  means  only  that  in  the  range  wltlin  which  we  choose  to  vary 
parameters,  the  most  significant  ones  were  those  indicated.  In  principle,  one 
could  have  varied  the  parameters  more  drastically  to  achieve  a larger  variation 
of  response.  We  believe,  however,  that  the  range  over  which  we  varied  the 
parameters  is  representative  of  actual  satellite  cables. 


I 


31 


Response  (C  - cm/cal) 


4.0  SIMPLIFIED  ANALYSIS  OF  COAXIAL  CABLE  RESPONSE 


We  develop  here  a simple  rule  of  thumb  which  incorporates  most  of  the 
physics  of  cable  response  as  applied  to  a coaxial  cable,  but  without  the  details 
of  the  exact  treatment  which  the  MCCABE  code  Incorporates. 


K - dielectric  constant 
Y^  “ conductor  yield 


The  various  geometrical  quantities  which  we  need  are  defined  In  the 
figure.  The  assumptions  made  are  as  follows; 


Incident 


2 

A unit  flux  of  1 cal/cm  -sec  of  monochromatic  photons  of  energy  E Is 
on  the  cable.  At  the  points  1 through  4 the  flux  Is  attenuated  by  an  amount 


point  1; 
point  2: 
point  3; 
point  4; 


-Us(E)Pst 

-p^(n)p^t 


where  ■ absorption  coefficient  for  shield  material 

“ density  of  shield  material 

Uc  • absorption  coefficient  for  center  conductor  material 
p^  - density  of  center  conductor  material 
At  each  of  the  points  1 through  4 the  emitted  current  density  Is  given  by 


- |e[  Y(E)  » attenuated  flux 
E 


where  Y(E)  Is  the  Dellln-MacCallum  forward  emission  efficiency  for  the  given  conductor. 
The  assumption  here  Is  that  the  yield  Is  roughly  Independent  of  angle. 


The  total  emission  current /length  is  obtained  by  multiplying  the  current 
densities  by  nr^  or  respectively. 


The  emitted  electrons  are  assumed  to  cross  the  gap  and  stop  there.  The 
appropriate  Laplace  solutions  at  the  point  ^ “ ^2  ~ ^2  r * r^  + g^.  In  the 
limit  that  gj^/tj  and  ^2^^2  ^ 


1 ®1  ”2  1 2 


iliCri+gi)  - 1 


(1  - ^•)  (r^  + ^ In 


^2 


With  these  assumptions  the  short  circuit  current  per  unit  length  per  unit  flux.  In 
units  of  C-cm/cal  Is 


K (^) 


-1.3  X 10‘2  e (Yg(E)  g2^^)  - Y^(E)g^(cm)) 


1 ®1  1 ^2 


(4-1) 


X (1  + e“^*'c^®^'’c’^l)  e“^  (keV) 

The  formula  has  the  virtue  of  emphasizing  the  Importance  of  both  the 
emitting  materials  of  each  conductor  and  the  gap  sizes,  through  the  products  (Yg). 

As  an  example  we  apply  this  formula  to  the  standard  coax  whose  dimensions 
were  given  In  Table  3-2.  These  results  are  plotted  In  Figure  4-1,  The  agreement 
Is  quite  good,  particularly  for  the  blackbody  spectra. 
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